Polyketides are a large family of bioactive natural products synthesized by polyketide synthase (PKS) enzyme complexes predominantly from acetate and propionate. Given the structural diversity of compounds produced using these two simple building blocks, there has been longstanding interest in engineering the incorporation of alternative extender units. We have been investigating the mechanism of fluorinated monomer insertion by three of the six different modules of the PKS involved in erythromycin biosynthesis (6-deoxyerythronolide B synthase, DEBS) to begin understanding the contribution of different steps, such as enzyme acylation, transacylation, C-C bond formation, and chain transfer, to the overall selectivity and efficiency of this process. In these studies, we observe that inactivation of a cis-acyltransferase (AT) domain to circumvent its native extender unit preference leads concurrently to a change of mechanism in which chain extension with fluorine-substituted extender units switches largely to an acyl carrier protein (ACP)-independent mode. This result suggests that the covalent linkage between the growing polyketide chain and the enzyme is lost in these cases, which would limit efficient chain elongation after insertion of a fluorinated monomer. However, use of a standalone trans-acting AT to complement modules with catalytically deficient AT domains leads to enzyme acylation with the fluoromalonyl-CoA extender unit. Formation of the canonical ACP-linked intermediate with fluoromalonyl-CoA allows insertion of fluorinated extender units at 43% of the yield of the wild-type system while also amplifying product yield in single chain-extension experiments and enabling multiple chain extensions to form multiply fluorinated products.
Polyketides are a large family of bioactive natural products synthesized by polyketide synthase (PKS) enzyme complexes predominantly from acetate and propionate. Given the structural diversity of compounds produced using these two simple building blocks, there has been longstanding interest in engineering the incorporation of alternative extender units. We have been investigating the mechanism of fluorinated monomer insertion by three of the six different modules of the PKS involved in erythromycin biosynthesis (6-deoxyerythronolide B synthase, DEBS) to begin understanding the contribution of different steps, such as enzyme acylation, transacylation, C-C bond formation, and chain transfer, to the overall selectivity and efficiency of this process. In these studies, we observe that inactivation of a cis-acyltransferase (AT) domain to circumvent its native extender unit preference leads concurrently to a change of mechanism in which chain extension with fluorine-substituted extender units switches largely to an acyl carrier protein (ACP)-independent mode. This result suggests that the covalent linkage between the growing polyketide chain and the enzyme is lost in these cases, which would limit efficient chain elongation after insertion of a fluorinated monomer. However, use of a standalone trans-acting AT to complement modules with catalytically deficient AT domains leads to enzyme acylation with the fluoromalonyl-CoA extender unit. Formation of the canonical ACP-linked intermediate with fluoromalonyl-CoA allows insertion of fluorinated extender units at 43% of the yield of the wild-type system while also amplifying product yield in single chain-extension experiments and enabling multiple chain extensions to form multiply fluorinated products.
polyketide synthase | fluorine | synthetic biology | natural products P olyketide natural products represent a large class of bioactive compounds with a broad range of medicinal properties, including antibiotic and anticancer activity. Despite their diversity in structure, they are assembled with a common mechanism involving multiple Claisen condensations of acetate-derived extender units catalyzed by polyketide synthase (PKS) enzymes (1, 2) . In addition to setting the oxidation state of the β-carbon at each polymerization step, modular PKSs can also select the α-substituent on the extender unit, which is predominantly derived from either acetate (R = H) or propionate (R = Me) (1, 2) . The breadth of compounds (>10,000) that can be made from these two simple building blocks is quite considerable, and many efforts have thus centered on increasing the types of extender units that can be incorporated into polyketides (1, 3, 4) .
We have focused specifically on the insertion of fluorinated monomers by PKSs as an approach to merge the advantages of complex natural product scaffolds with the effectiveness of fluorine medicinal chemistry (5) . In this regard, the type I modular PKSs are an especially attractive target for engineering because their organization and structure lends itself to connecting sequence with product structure (1, 2, 6) . Previous studies have shown that the acyltransferase (AT) domain within the PKS (cis-AT) is essential to determining extender unit identity and can be engineered to enable insertion of alternative extender units (7) (8) (9) . Alternatively, the intrinsic selectivity of the cis-AT can be bypassed by inactivation and complementation with a standalone AT enzyme (trans-AT) as another approach to introducing nonnative substituents (10) (11) (12) . Although these methods are effective for altering product structure, product yield can often diminish in these engineered systems and, thereby, limit their scalability. As such, we set out to elucidate the mechanism by which alternative extender units are accepted or rejected in these systems to expand our understanding of the native process of extender unit selection and to define design principles for PKS engineering.
We initiated these studies by using the 6-deoxyerythronolide B synthase (DEBS), which is responsible for the synthesis of the core of the antibiotic erythromycin, because it has been well characterized and is amenable to dissection to its modular units (2) . We observe that the fluoromalonyl-CoA extender unit can be accepted directly by the ketosynthase (KS) domain in modules where the cis-AT is inactivated, with a 2:1 ratio of C-C bond formation to nonproductive decarboxylation to form fluoroacetylCoA. Under these conditions, a single fluorine substituent can be introduced, but further chain extension cannot easily occur when ligation of the extender unit to the acyl carrier protein (ACP) domain is bypassed. In contrast, complementation with a trans-AT leads to quantitative C-C bond formation with a fluorinated extender unit and restores the canonical PKS mechanism with Significance Polyketide natural products represent a rich source for discovery of new bioactive compounds. However, the optimization of polyketide structure for medicinal purposes can be difficult using chemical methods given their complexity. Siteselective introduction of fluorine into polyketides and other natural products is a particularly interesting area of exploration given the demonstrated effectiveness of fluorine in modulating the behavior of small-molecule therapeutics. Here, we show that fluorine can be inserted site-selectively by an engineered polyketide synthase system via a fluorinated monomer that becomes covalently tethered to the enzyme to complete a canonical reaction cycle. By increasing the throughput of fluorinated extender units, we can produce multiply fluorinated polyketide products by chemoenzymatic synthesis and target the production of complex structures. 43% of wild-type (WT) yield. In this system, we can amplify single-chain extensions with fluorinated monomers and enable further chain growth to produce polyketide products with multiple fluorine substitutions.
Results and Discussion
ACP-Independent Chain Extension with Methyl-and FluoromalonylCoA Extender Units. We were able to observe chain elongation by individual DEBS modules with a catalytically deficient AT domain (AT 0 ), which we attributed to the greater number of enzyme turnovers possible when the extender unit pool is maintained by using an in situ regeneration system for methyl-and fluoromalonyl-CoA (10). However, end product analysis of single module systems does not necessarily distinguish between the two general mechanisms that could arise in this system. One possibility is that the extender unit could be loaded onto the ACP domain either by residual AT activity or by direct thiol-thioester chemical exchange to generate a canonical ACP-tethered intermediate. In this case, the polyketide product remains covalently attached to the enzyme after C-C bond formation and can be further processed effectively by the PKS (Scheme 1A). However, an alternative mechanism is that the extender unit could directly diffuse into the KS active site, bypassing both the AT and ACP domains to undergo a decarboxylative Claisen condensation to form a free polyketide product that is not covalently attached to the PKS (Scheme 1B). In the latter case, generation of full-length polyketides would be challenging once the covalent link between the PKS and the growing chain is lost because it amplifies substrate channeling from module to module by up to three orders of magnitude (13) . Therefore, we set out to determine which mechanism was dominant under our assay conditions for both the native and fluorinated extender units.
To distinguish between the two proposed mechanisms, the ACP domain was inactivated by mutation of the serine of the phosphopantetheine arm modification site (S1430) to alanine (ACP 0 ). Because the canonical chain extension mechanism requires the phosphopantetheine arm to form the malonyl-ACP intermediate, we would expect that product formation in an AT 0 ACP 0 construct would be abolished if the malonyl-ACP intermediate is required for chain elongation (Scheme 1A) but should not be affected if the ACP can be bypassed (Scheme 1B). To generate these mutants, we started with DEBS module 3 constructs fused to a thioesterase domain (Mod3 TE ) and introduced the S1430A mutation into both a wild-type and AT 0 background where the catalytic Ser651 is mutated to alanine (SI Appendix, Table S1 ). A construct encoding for a truncated Mod3 protein containing only the KS and AT domains (KSAT didomain) (14) was also used as a control to eliminate the contribution of any remaining interactions with the ACP (SI Appendix, Table S1 ). These four protein constructs were heterologously expressed and purified as described (SI Appendix, Fig. S1 ) (10) . They were first assayed for their ability to carry out chain elongation on the natural diketide N-acetylcysteamine (NDK-SNAC) substrate surrogate (SI Appendix, Fig. S2 ) with their native methylmalonylCoA extender unit to yield the corresponding triketide lactone (TKL) product (Fig. 1A) . The samples were quantified under end-product and initial rate conditions using authentic standards by liquid chromatography monitored by UV-visible spectroscopy (LC-UV) and mass spectrometry (LC-MS) ( Fig. 1 A and B and SI Appendix, Fig. S3 ). As consistent with previous studies (10, 15) , the production of TKL in the AT 0 module is dramatically decreased compared with production in the WT module, with a 110-fold drop in initial rate and a 16-to 24-fold decrease in yield. However, assays with the ACP 0 , AT 0 ACP 0 , and KSAT didomain yielded a similar catalytic defect as the AT 0 construct with regard to yield and initial rate. This observation implies that the ACP domain is not required for the residual chain elongation activity that is observed when the AT domain is inactivated. As an additional control, the KS 0 , AT 0 , and KS 0 AT 0 mutations were also introduced into the KSAT didomain, verifying that TKL formation was only observed in the presence of an active KS and not a result of unexpected activity from another domain in these mutants (Fig. 1B) . From these observations, we conclude that the observed TKL product arises from direct diffusion of the extender unit into the KS active site where C-C bond formation is catalyzed between the polyketide chain and methylmalonyl-CoA rather than methylmalonyl-ACP (Scheme 1B).
Because different modules may display diverse behavior, similar experiments were carried out on WT, AT 0 , and KSAT didomain constructs of Mod2 and Mod6 TE (SI Appendix, Table S1 and Fig.  S1 ) to test whether the results with Mod3 TE could be generalized. Indeed, we observed that ACP-independent chain extension can also occur with Mod2 and Mod6 TE as well, based on the comparison of activities of the WT, AT 0 , and KSAT didomain constructs (Fig. 1C) . The relatively high yield of TKL in the AT 0 Mod2 construct compared with Mod3 TE and Mod6 TE may further indicate that the KS of Mod2 is more promiscuous with regard to nonnative substrates. Experiments with Mod2 constructs also yielded additional information with regard to ACP-independent chain extension. We found that product formation with WT Mod2 occurred at an order of magnitude lower efficiency than WT Mod3 TE and Mod6 TE , likely due to the absence of a thioesterase fusion. TKL is still formed by this construct because of the stability of the six-membered lactone ring but relies on uncatalyzed release from the ACP domain. However, the longer residence time of the polyketide on the ACP may create a bottleneck for formation of methylmalonyl-ACP. Under these conditions, the production of TKL by WT, AT 0 , and KSAT Mod2 constructs is essentially identical (Fig. 1C) , suggesting that the ACP-independent mode of chain extension may be able to compete with canonical chain extension if the KS domain is saturated with methylmalonyl-CoA. The CoA pool was then reduced 10-fold to 0.1 mM to reduce saturation of the KS domain, resulting in reduction of the AT 0 and KSAT-didomain yields by up to 5.2-fold, whereas WT only saw a twofold loss in TKL formation (Fig. 1C) . These observations imply that saturation of the ACP-independent chain extension requires higher extender unit concentrations and that bias toward direct KS use could occur in the WT module at high methylmalonyl-CoA concentration.
With a basic understanding of extender unit incorporation in hand, we set out to compare behavior with fluoromalonyl-CoA. Based on the presence of the α-fluorine substituent, which activates this analog toward nucleophilic attack at the carbonyl, it is possible that fluoromalonyl-CoA would be more prone to undergo chemical transacylation to form the ACP-tethered intermediate (Scheme 1A). However, both the initial rate and end product analysis of fluorinated triketide lactones (F-TKLs) provide evidence that chain extensions carried out under these conditions occur independently of the ACP based on the similar activities measured for all five constructs ( Fig. 1B and SI Appendix, Fig. S4 ).
As such, endpoint F-TKL formation experiments with Mod2 and Mod6 TE constructs are consistent with this conclusion that product is mostly formed in these AT 0 variants without loading of the extender unit onto the ACP domain (Fig. 1C) . These initial rate and endpoint experiments provide evidence that malonyl-ACP intermediates are not required for C-C bond formation. However, chain extension with the CoA-linked extender unit leads to early chain termination because the covalent tether between the PKS and the growing polyketide chain is lost.
Consequences of Chain Extension with CoA-Versus ACP-Linked Extender
Units. We were interested in further examining the nature of ACPindependent chain extension and its behavior compared with canonical ACP-dependent chain extension so that we could better understand the issues that may arise when this mode of reactivity occurs. For example, we reasoned that the coupling between extender unit decarboxylation and C-C bond formation may be affected, leading to release of propoionate or fluoroacetate, which cannot be regenerated under our current assay conditions. To address this question, we set out to characterize the partitioning between productive extender unit decarboxylation leading to TKL formation compared with nonproductive decarboxylation leading to propionate production (Fig. 2) . To detect the products of the reactions with methylmalonyl-CoA, [4- 13 C]-methylmalonyl-CoA was chemoenzymatically synthesized from [4- 13 C]-methylmalonic acid (16) (SI Appendix, 
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) and triketide formation (1.0 min −1 ; Fig. 1B ) are similar. In this particular case, the observation that extender unit hydrolysis is the predominant reaction observed could arise from the use of a nonnative polyketide starter substrate for this module (17) .
In WT Mod3 TE , where chain extension presumably takes place with methylmalonyl-ACP, the ratio of productive to nonproductive decarboxylation was observed to be 3:1 ( Fig. 2 and SI Appendix,  Fig. S6 ). However, this ratio drastically shifted to 1:228 in AT 0 ACP 0 Mod3 TE , where we have proposed that TKL formation occurs using methylmalonyl-CoA directly, suggesting that the ratio of productive decarboxylation is increased ∼685-fold when the methylmalonyl-ACP intermediate is formed (Fig. 3 and SI Appendix, Fig. S6 ). Thus, extender units that diffuse directly into the active site of the KS are lost to nonproductive decarboxylation, but the fidelity of the growing polyketide chain is maintained. In contrast, analysis of reactions of AT 0 ACP 0 Mod3 TE and fluoromalonylCoA by 19 F-NMR using the in situ extender unit regeneration system unexpectedly revealed a significantly higher ratio (2:1) for C-C bond formation compared with nonproductive decarboxylation to form fluoroacetate (SI Appendix, Fig. S8 ). The observed difference in behavior between methylmalonyl-CoA and fluoromalonyl-CoA in this experiment could be related to the stabilizing effects of the α-fluoro group on the corresponding enolate or a difference in how native and nonnative extender units are treated by the enzyme. Given the inefficiency of ACP independent C-C bond formation and processivity with fluoromalonyl-CoA in DEBS modules bearing the AT 0 mutation, we turned our attention to examining the changes in chain extension mechanism that occur when AT 0 Mod3 TE is complemented in trans with standalone ATs.
Efficient Complementation with Fluorinated Extender Units Using the
trans-AT from the Disorazole Biosynthetic Cluster. The formation of C-C bonds via ACP-independent reaction of the extender unit inhibits processive growth of the polyketide chain on the PKS to form the full-length product (13) . Previous work with the trans-AT of the disorazole biosynthetic cluster (DszAT) has shown that it can acylate DEBS ACPs with malonyl-CoA (11, 18, 19) and also amplifies chain extension with fluoromalonyl-CoA to produce F-TKL (10). Given our observation that direct reaction of fluoromalonyl-CoA with the KS domain can lead to chain extension, we decided to further probe the behavior of the trans-AT in this system. We found that complementation of AT 0 Mod3 TE with DszAT results in a 10-fold increase in F-TKL formation, and a 40-fold improvement in the initial rate of fluorinated extender unit incorporation ( Fig. 3 and SI Appendix, Fig. S9 ). This enhancement depends on the presence of a functional ACP domain, because no yield or rate enhancements were observed in the control when AT 0 ACP 0 Mod3 TE was complemented with DszAT ( Fig. 3 and SI Appendix, Fig. S9 ). Moreover, no fluoroacetate was observed by 19 F-NMR when Mod3 TE AT 0 was complemented with DszAT, implying that nonproductive decarboxylation does not occur when the extender unit is properly attached to the ACP (SI Appendix, Fig. S10 ). These results are consistent with a mechanism of DszAT complementation by transacylation of the ACP with fluoromalonyl-CoA to form a covalently tethered intermediate. As such, the restoration of the canonical PKS mechanism through this complementation can provide a successful solution to the challenge of chain transfer between upstream and downstream PKS modules.
To confirm that fluoromalonyl-CoA could be effectively transacylated onto the ACP domain, we adapted a MS/MS spectrometry-based assay that allows us to directly detect malonyl-ACP intermediates and calculate a semiquantitative occupancy of ACPs with different extender units (Fig. 4A and SI Appendix, Fig. S11 ) (20) (21) (22) . The different DEBS modules were first incubated with the appropriate extender unit and then subjected to tryptic digestion of the protein. To simplify analysis, the in situ regeneration system for the extender unit was not included. The parent ion of the peptide containing the phosphopantetheine arm of the ACP was then selected and further fragmented to eject the phosphopantetheine arm, confirming its identity and allowing us to measure the ratio of acyl-to holo-ACP (Fig. 4B) . When WT Mod3 TE is incubated with methylmalonyl-CoA, the ACP is almost fully acylated (92%) as is expected (Fig. 4C) . However, no detectable acyl-ACP intermediates can be observed under the same conditions with AT 0 Mod3 TE . Similarly, basal levels of acylation by nonnative extender units (malonyl-CoA and fluoromalonyl-CoA) can be observed in both the WT and AT 0 constructs (Fig. 4C ). We attribute this low level of acylation to an uncatalyzed thioester exchange between the CoA thioesters and the ACP thiol (23) because it is similar to the occupancy of acyl-ACPs for modules that are subjected to tryptic digestion before incubation with the various extender units, where acylation must occur chemically (Fig. 4C) . The similarity of the malonyl-and fluoromalonyl-ACP occupancies under all three conditions further implies that the AT domain does not acylate unnatural extender units onto the ACP, or does so at levels lower than uncatalyzed or chemical transacylation. As such, these data are consistent with our hypothesis that formation of products in modules with inactive AT and/or ACP domains is the result of KS-catalyzed C-C bond formation between the growing polyketide chain and a CoA-linked extender unit.
When examining the reaction of AT 0 Mod3 TE in the presence of DszAT, we found that 89% of the ACPs were acylated after a 20-min incubation with malonyl-CoA, which is the native substrate of DszAT (Fig. 4C) . Although 10% of ACPs were acylated when incubated with methylmalonyl-CoA, DszAT active sites have been shown to contain methylmalonyl-CoA acyl-enzyme intermediates (24) , but the degree of acylation is sufficiently low that it does not appear to contribute to TKL production. Interestingly, only 28% occupancy of fluoromalonyl-ACP was observed (Fig. 4C) despite the robust yield increase in F-TKL formation observed in the presence of DszAT (Fig. 3A) . However, the relatively low occupancy appears to be derived from rapid hydrolysis of fluoromalonyl-CoA by DszAT (SI Appendix, Fig. S12 ), which would not be yield-limiting under our in situ extender unit regeneration conditions where fluoromalonyl-CoA can be regenerated at a rate of 1.5 s
Because the direct observation of DszAT-catalyzed ACP acylation provides compelling evidence that F-TKL was being produced through the fluoromalonyl-ACP intermediate, we sought to assess the overall efficiency of this process by using both the initial rate and yield of chain extension as markers. We thus characterized DszAT complementation of AT 0 Mod3 TE with fluoromalonyl-CoA in comparison with its native substrate, malonyl-CoA. With malonyl-CoA as the extender unit, the initial rate of desmethyl triketide lactone observed was 10.8 ± 0.3 μM·min −1 (Table 1 and SI Appendix, Fig. S13 ). This value is within error of the initial rate of TKL formation measured with WT Mod3 TE (10.0 ± 0.3 μM·min −1 ) with its native methylmalonyl-CoA extender unit (Table 1) , which indicates that DszAT performs well in complementing the AT 0 mutation in trans. In comparison, the initial rate of F-TKL formation for AT 0 Mod3 TE complemented with DszAT using fluoromalonyl-CoA had been determined to be 0.73 ± 0.03 μM·min −1 (Table 1) , which is 7.3% of the rate of the WT Mod3 TE system. We also characterized the product yield, which could be more relevant to engineering the production of fluorinated polyketides. Because the single modular systems have been found to produce other compounds in addition to the expected one, we quantified other major products resulting from C-C bond formation to better assess the stoichiometry of chain extension reactions. With fluoromalonyl-CoA, these products arise after the expected chain extension reaction when the TE releases the free acid rather than the lactone and still represent a positive C-C bond-forming event (SI Appendix, Fig. S14 ). When the data are represented in terms of chain extension stoichiometry, we find that AT 0 Mod3 TE can incorporate fluorinated extender units at 43% efficiency when complemented with DszAT, compared with WT Mod3 TE incubated with its native methylmalonyl-CoA extender unit (SI Appendix, Figs. S14 and S15). The endpoint yield relative to the native system is higher than expected based on the initial rate data, even taking into account other products that are formed.
However, it is potentially consistent with the higher level of observed fluoromalonyl-ACP (Fig. 4) . This difference could result from the initial rate being limited by a slower rate of KS-catalyzed C-C bond formation with the α-fluoro substituent that is separate from the effectiveness of the ACP acylation reaction carried out by DszAT. Taken together, this data demonstrates that DszAT is sufficiently active for catalyzing ACP acylation with fluoromalonylCoA to produce a significant yield of fluorinated polyketide product compared with the wild-type system.
Site-Specific Incorporation of Fluorinated Extender Units into Polyketide
Synthases. One major challenge for fluorine incorporation into full-length polyketides is the transfer of the growing chain from module to module. We have shown that a fluorinated extender unit can be incorporated into a polyketide nascent chain and undergo an additional chain extension with methylmalonyl-CoA to produce a monofluorinated product by using a noncovalent dimodular "mini-PKS" system containing Mod2 and Mod3 TE (10) . However, this system requires a 5:1 ratio of Mod2 AT 0 to Mod3 TE to overcome the barrier to chain transfer, which is a stoichiometry that would be difficult to control under in vivo conditions. Given our ability to efficiently complement AT 0 Mod3 TE with DszAT and fluoromalonyl-CoA, we decided to approach both the production of bis-fluorinated products and the improvement of the ratio of PKS modules to a more physiologically relevant regime (1:1).
We chose to use propionyl-SNAC (SI Appendix, Fig. S16 ) as the starter unit to produce F-TKLs to avoid the offloading that results from the propensity of triketidyl-thioesters to undergo cyclization of the polyketide chain after a single extension from NDK-SNAC (Fig. 5A) (10) . Additionally, the CoA-pool concentration was lowered from 1 mM to 0.1 mM to lower competition between fluoromalonyl-CoA and fluoromalonyl-ACP for the KS active site that we observed with saturating concentrations of extender unit. Under these conditions, the complementation with the different AT 0 variants of the mini-PKS under regenerative methylmalonyl-CoA and fluoromalonyl-CoA conditions led to the formation of the expected site-specifically fluorinated products with a 1:1 ratio of Mod2 to Mod3 TE (Fig. 5B) . To further substantiate the identity of these products, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-propionyl-SNAC was used as the starter unit, leading to the expected 1 amu shift in mass of the products. The two monofluorinated regioisomers were determined to be unique by different retention times, as well as distinctive fragmentation patterns (Fig. 5B and SI Appendix, Figs. S17 and S18). Control reactions with no added DszAT showed a greatly diminished F-TKL yield (up to 75-to 93-fold for monofluorinated products, whereas the bisfluorinated product could not be detected), indicating that DszAT complementation is crucial to achieve efficient production of an F-TKL formed from subsequent chain extensions (Fig. 5B) .
Conclusions
We set out to explore the molecular mechanism of fluorinated monomer incorporation by modular PKSs using DEBS as a model system with the goal of identifying limitations to be addressed to develop a robust system for production of site-selectively fluorinated polyketides. In this study, we found that inactivation of the AT domain, which is a strategy used to eliminate one of the major selectivity filters for choosing the extender unit, initiates a mode of C-C bond formation that is independent of the ACP (Scheme 2). Although we had previously hypothesized that the more activated fluoromalonyl-CoA extender unit might be able to achieve ACP acylation with a catalytically-deficient AT domain, we observed instead that the KS domain can compete with the AT domain for both the native methylmalonyl-CoA unit and fluoromalonylCoA to carry out direct C-C bond formation while bypassing the canonical ACP-linked intermediate. This observation is consistent with previous studies demonstrating direct KS reactivity with nonhydrolyzable malonyl-SNAC mimics (25, 26) and the in vitro detection of unnatural TKLs using Mod6 TE heterologously expressed in Escherichia coli without a phosphopantetheinyl transferase enzyme (15) . Although this mode of reactivity leads to a single chain extension, the covalent tether between the ACP and growing polyketide chain that ensures its transfer to the downstream module is lost, which leads to loss of processivity and ability to efficiently produce full-length polyketide products. Interestingly, we found that reaction partitioning between productive substrate decarboxylation to form the C-C bond and nonproductive pathways leading to release of propionate or fluoroacetate was also altered. For the native methylmalonyl-CoA, an ∼685-fold improvement in this partition was observed when C-C bond formation proceeded through the proper ACP-linked rather than CoAlinked extender unit. Although less dramatic, the partition for C-C bond formation with the fluoromalonyl-CoA extender also improves from 2:1 to quantitative.
Based on the results of these experiments, we carried out a detailed study of trans-AT complementation with DEBS modules in which we characterized the molecular mechanism of fluoromalonyl-CoA incorporation and rate enhancement upon the complementation of DszAT with DEBS modules. Using end product analysis, enzyme kinetics, and direct observation by MS with various DEBS constructs, we are able to show that complementation of AT 0 modules with a trans-AT, DszAT, enables formation of the canonical ACP-linked intermediate with fluoromalonyl-CoA. Under these conditions, C-C bond formation with a fluorinated monomer occurs at a 43% yield compared with the wild-type system with the native methylmalonyl-CoA extender unit. Formation of fluoromalonyl-ACP has key implications for production of full-length polyketides, because the covalent linkage between the growing chain and PKS is maintained after the fluorinated monomer is incorporated. Furthermore, C-C bond 
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Scheme 2. Possible reaction pathways for PKS-catalyzed chain extension when fluoromalonyl-CoA is used. Use of a PKS module with the AT inactivated (Ser → Ala) allows bypassing the main selectivity filter for native extender unit selection and enabling the use of fluoromalonyl-CoA. In the absence of a trans-AT, the extender unit can diffuse directly into the KS active site and undergo decarboxylation. In this mode of reactivity, decarboxylation is decoupled from the chain extension and enolate protonation can lead to release of fluoroacetyl-CoA and degradation of the extender unit pool. Even when C-C bond formation occurs, the lack of an ACP-bound intermediate leads to early chain termination and release of the growing polyketide. In the presence of a trans-AT (DszAT), the AT 0 mutation can be complemented, leading to ACP acylation with fluoromalonyl-CoA. When the canonical intermediate is formed, decarboxylation of fluoromalonyl-ACP is coupled to C-C bond formation with no loss of extender unit, resulting ultimately in chain growth and formation of the full-length polyketide product.
